In vivo optical monitoring of transcutaneous delivery of calcium carbonate microcontainers by Genina, EA et al.
In vivo optical monitoring of transcutaneous delivery of calcium carbonate microcontainers
Elina A. Genina,1,2 Yulia I. Svenskaya,1 Irina Yu. Yanina,1 Leonid E. Dolotov,1 Nikita A. Navolokin,3 Alexey N. Bashkatov,1,2 Georgy S. Terentyuk,1,3 Alla B. Bucharskaya,3 Galina N. Maslyakova,3 Dmitry A. Gorin,1 Valery V. Tuchin,1,2,4 and Gleb B. Sukhorukov1,5
1National Research Saratov State University, 83 Astrakhanskaya Street, Saratov 410012, Russia
2National Research Tomsk State University, 36 Lenin Avenue, Tomsk 634050, Russia
3Saratov State Medical University, 112 Bolshaya Kazachaya Street, Saratov 410012, Russia
4Institute of Precision Mechanics and Control of RAS, 24 Rabochaya Street, Saratov 410028, Russia
5School of Engineering and Materials Science, Queen Mary University of London, London, E1 4NS, United Kingdon
*eagenina@yandex.ru (​mailto:eagenina@yandex.ru​)
Abstract: We have developed the method for delivery of biocompatible CaCO3 microcontainers (4.0±0.8 µm) containing Fe3O4 nanoparticles (14±5 nm) into skin in vivo using fractional laser microablation (FLMA) provided by a pulsed Er:YAG laser system. Six laboratory rats have been used for the microcontainer delivery and weekly monitoring implemented using an optical coherence tomography and a standard histological analysis. The use of FLMA allowed for delivery of the microcontainers to the depth about 300 μm and creation of a depot in dermis. On the seventh day we have observed the dissolving of the microcontainers and release of nanoparticles into dermis.
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1. Introduction 
The importance of drug delivery and creation a long-term depot in skin for topically applied compounds has been demonstrated [1,2]. The stratum corneum (10-20 μm) and underlying living epidermis (75-150 μm) represent a barrier, which makes the delivery of medicaments into dermis a rather problematic [2]. It is possible to use micro- and nanoparticles as drug carriers for efficient localized delivery and storage of topically applied substances into skin appendages [3]. However, in dependence on anatomical sites and individuals, dimensions and density of these natural pathways vary widely [4]. Besides, particles with a diameter more than 100 nm cannot penetrate from the appendages into surrounding tissue [5].
Various strategies including complex physical enhancement methods have been developed for effective transcutaneous delivery of micro- and nanoparticles, including artificial channels produced laser microporation [6-9]. Creating artificial channels by means of FLMA promotes deeper and better targeted delivery of particles in tissue. By changing the parameters of laser beam, one can achieve different depths and shapes of the channels in skin [6-11], inducing e.g. pores with depth from 20 to 500 μm and diameters from 150 to 200 μm [6-8] or creating horizontal cuts with the depth from 150 to 300 μm [10] and channels with the depth up to 2 mm (to demonstrate the possibilities of the technique) [9]. Minimal invasiveness of FLMA and minimal risk of infection in comparison with surface ablation or mechanical treatments are provided by the small area of skin surface damage. The results of observations have shown the complete epidermal healing occurring within a week [11,12].
Different containers have been suggested as carriers of drugs and photosensitizers, including calcium phosphate [13] and silica nanoparticles [14]. To solve the drug localization problem, the use of calcium carbonate microparticles (CaCO3) in the vaterite polymorphic form was earlier suggested in Refs. [15]. They showed a number of advantages such as porous structure, mild decomposition conditions, biocompatibility, preparation simplicity, and low production cost.
In this article, we are presenting results on delivery of CaCO3 containers filled up by Fe3O4 nanoparticles into the rat skin in vivo using a newly designed FLMA-protocol providing increased particle delivery depth aiming to develop a method of long-term depot formation within the dermis.
2. Materials and Methods
Animal experiments were performed in accordance with the International Guiding principles for Biomedical Research Involving Animals [16]. A total of 6 male outbred albino rats weighing 200 ± 20 g were used. The treated areas were chosen on a dorsum and were divided into three sites 10×10 mm. Prior to the treatment, the rats were anaesthetized with Zoletil 50 (Virbac, France) in dose of 0.05 mg/kg. Hair from the areas was removed with a depilatory cream. Before commencing the experiment the skin sites were disinfected with 40% ethanol. Both the first and the second sites were microporated with FLMA (Fig. 1). The third one remained intact. The CaCO3 microcontainer suspension with concentration 1 mg/mL was applied on the surface of the first and the third sites (synthesis of CaCO3 microcontainers loaded with Fe3O4 is presented in the supplementary materials). The solution of chlorhexidine was added to the suspension in the proportion 2:3 to prevent the infection of the target skin areas. For delivery of the particles mechanical massage for 5 min was used. Then, the particles were removed from the skin surface by distilled water.
FLMA of skin was provided by a system based on a pulsed Er:YAG laser (Palomar Medical Technologies Inc., Burlington, MA, USA) with the following parameters: the wavelength 2940 nm, the pulse energy 3.0 J, the pulse duration 15 ms, the number of pulses 3 with the repetition frequency of 1 Hz. Each laser pulse included a series of 3 subpulses with duration 135 μs. The laser beam was split into 169 micro-beams using an array of micro-lenslets. Thus, 169 vertical cone-shaped microchannels were created in the skin in the site with the dimensions of 66 mm2. Such mode of laser irradiation allowed us to increase the depth of laser produced channels bigger than 400 μm without additional transverse injury of the skin tissue.

Fig. 1. Sequence of activities at the transcutaneous delivery of CaCO3 microcontainers: fractional laser microablation and microchannel creation in skin; application of suspension of the microcontainers and massage for their administering to the channels; washing-off the microcontainers from skin surface; and monitoring of microcontainer delivery.
The microcontainer suspension was administered into skin of all experimental animals in the same day. The skin was analyzed before the treatment and immediately after the FLMA and particle administration, that is 24 h, 2 days, 3 days, 4 days, and 7 days after the treatment. Optical coherence tomography (OCT) and light microscopy of histological specimens were used for monitoring of the treated skin sites. The animals were withdrawn from the experiment one by one: the first rat immediately after the particle administration and the following rats on the days of the monitoring.
Visualization of microchannels filled with the suspension of the microcontainers was implemented using a commercially available OCT system (OCP930SR, Thorlabs, USA) with the central wavelength 930 ± 50 nm. The axial and lateral resolutions of the light source in air were 6.2 μm and 9.6 μm, respectively.
Afterwards, biopsies were taken from the skin sites previously analyzed by OCT. The histological sections were prepared using standard procedure. The paraffined sections of 6 to 8 μm thickness were stained with haematoxylin and eosin. Histological samples were estimated with medical microimager LOMO µ103 (LOMO, Russia).
3. Results and Discussion
Figure 2 shows the representative OCT-images of rat skin before and after FLMA alone (a-d) and FLMA and embedding of CaCO3 microcontainers loaded with Fe3O4 (e-h) obtained during a week. The depth of the OCT probing is 300-350 μm. Figure 3 shows the microscopic images of longitudinal histological sections obtained from the same sites, which are presented in Figure 2(e-h).
Figures 2(a,e) and 3(a) correspond to intact rat skin. In Figure 3(a) it is well seen some hair follicles (the largest of them are marked by arrows). Figure 2(b) shows the skin 24 hours after FLMA. We can see two microchannels edged by a layer of coagulated tissue. Coagulated skin is less scattering, therefore, in OCT-image is seen darker than surrounded tissue.
Figures 2(f) and 3(b) are also obtained 24 hours after FLMA but they differ by the embedding of the particle suspension. In the OCT-image the particles filling the channels (marked by rectangles) have a very good contrast because they have higher refraction index than surrounding tissue. Besides, they have a high reflectance (they are seen as white) therefore, the OCT probing depth decreases significantly in the areas of the CaCO3 localization.

Fig. 2. OCT-images of intact rat skin (A,E); 24 hours (B,F); four days (C,G); and seven days (D,H) after FLMA alone (A-D) and FLMA with embedding of microcontainers CaCO3 loaded with Fe3O4 (E-H). Arrow shows the image of a hair follicle. Rectangles show the sites of channels filled with the microcontainers. Bars correspond to 100 μm.
After the staining with haematoxylin and eosin, CaCO3 microcontainers are not visualized, however loading with Fe3O4 allows staining the particles in a histological image: they are well visualized as bright blue spheres. Such content of the containers has been chosen specifically to improve their visualization. Histological section in Figure 3(b) shows the profile of the channel with microcontainers localized along the walls of the channel. The channel is edged with a layer of coagulated tissue (it has darker stain), which is thick enough near skin surface (100±22 µm) and becomes thinner with the depth, up to 30±13 µm at the bottom of the channel. In Figure 3(b) a follicle surrounded by a sebaceous gland is marked by an arrow. It is well seen that the particles have not filled up a follicle and sebaceous gland. The large size of the containers has not allowed them to penetrate into the follicles.
Figures 2(c,g) and 3(c) show the state of tissue four days after the treatment. In Figure 2(c) we can see two totally healed channels with scabs on the surface of the skin. Scabs form within the sites of ablation and include necrotic tissue. In Figure 2(g) in the place of the channels, two local bright areas are well visualized. We suppose that these areas correspond to the localization of the particles, which remained inside tissue after the healing of the channels. Figure 3(c) shows that the particles indeed are inside the dermis (marked by a rectangle), at that, hair follicles and sebaceous glands are free from the particles. Insertion shows a magnified image (×774.0) of the area of the skin with the microcontainers. It is well seen that they hold the spherical shape and blue staining. It indicates that release of nanoparticles Fe3O4 from the containers has not occurred during four days.
In Figure 2(d,h) (seven days after the treatment) we cannot denote any differences from intact skin. Apparently, the containers have destroyed and dissolved under action of surroundings. However, Figure 3(d) shows the stained area under the epidermal layer (marked by a rectangle) on the depth about 150 μm. The containers are not visualized, but the staining indicates that release of the nanoparticles have taken place.
The microcontainers CaCO3 were earlier shown [15] to be dissolved in buffer solutions (pH = 5) during 5 min, that was followed by the encapsulated dye releasing. In the cited works the microcontainers were suspended in solutions, therefore the dissolution of the particles could be fast enough. In the surrounding tissue, where the interaction of the containers with interstitial fluid is limited, the containers remained during four days without significant damage, and the nanoparticles were kept inside the containers. Also in Ref. [15] it was shown that low-frequency ultrasound enhanced drug release from the CaCO3 microcontainers that could be helpful for controlled drug release in many practical medical tasks.


Fig. 3. Images of histological sections of intact rat skin (A); 24 hours (B); four days (C); and seven days (D) after FLMA and embedding of microcontainers CaCO3 loaded with Fe3O4. Arrows show the images of hair follicles. Rectangles show the sites with microcontainers. Magnified image is shown in the upper corner for (C).
Figure 4 shows the histological section of intact skin 24 hours after application of CaCO3-Fe3O4 suspension and massage for 5 min. The microcontainers are well seen to localize in SC of epidermis only (marked by a rectangle). On the whole, the particle suspension has visualized in the hollows on the skin surface including the openings of hair follicles. But we have not observed the particles inside the follicles or living epidermal tissue.
Thus, the microcontainers are large enough for penetration in depth of follicles as well as inside epidermis excluding the surface layer of SC under action of massage alone. Potentially, US-treatment can facilitate deeper penetration of the particles along the follicles. However, the use of US is not suitable in this case because it can enhance the release of the contents of the microcontainers.
Targeted delivery of biodegradable microspheres as well as other carriers providing sustained release of their contents are actual tasks for many medical applications and are discussed widely in literature [2,13,15,17-20]. However, penetration of carriers through skin epidermal barrier remains a significant problem. The microneedle array is a well developed method for transdermal delivery [2,17].
FLMA can promote penetration of the particles and drugs into dermis to the depth defined by parameters of laser system [7-11,21-23]. Thus, in Ref. [21] authors used the laser fluence 125 J/cm2 to induce areas with ablative depth up to 500 μm within the area of ablation of 1cm2. The developed FLMA-protocol has allowed us to provide a comparable ablative depth (~400 μm) with the significantly smaller (~0.1 cm2) area in rat skin in vivo at the approximately similar laser fluence ~100 J/cm2 that promotes much better skin healing. In the papers [8,11] the FLMA with pulse energy 3 J was used for creation of channels with the depth 200-230 µm. At the same energy 3J or 18 mJ/microbeam we have achieved almost double increasing of the depth. In works [9] and [22] authors have demonstrated a possibility of FLMA to create the channels with the depth >2 mm in vitro by multiple repeating the laser pulses in one case with energy 60 and in another case 24 mJ/microbeam. The comparison of these data with our results is difficult because of the significant differences of laser irradiation parameters. Thermal injury of channel walls was not evaluated in the cited works exept Ref. [22]. In this work it was found that the depth of thermal injury is minimal at the bottom of the channels and is of 15-25 µm that is well fit to our data (30±13 µm) accounting for differences in skin type and conditions. In Ref. [22] ex vivo pig skin was studied as we punctured rat skin in vivo. 

Fig. 4. Image of histological section of intact skin 24 hours after embedding of the microcontainers CaCO3 loaded with Fe3O4. Arrows show the images of hair follicles with sebaceous glands. Rectangle shows the site with microcontainers. Magnified image is shown in the upper corner.
Biodegradability of microcarriers is important advantage [18-20]. Time stability of CaCO3 microcontainers containing Fe3O4 nanoparticles with and without polyelectrolyte shell in water was studied in [20]. Recently, medical formulation was encapsulated in 600 μm long microneedles composed of carboxymethylcellulose and trehalose, which could be dissolved in body fluid [18]. Authors of Ref. [19] have shown that the dissolution percentage of Ca2+ ions increases with decreasing of pH of buffer solutions. Thus, pH of surrounding tissue can be the control parameter for drug release from calcium microspheres. In Ref. [24] thermosensitive micelles with laser-stimulated drug release were developed.
Described microablation drug delivery technology has good perspectives for clinical applications also due to recent design of portable and efficient erbium laser devices for tissue microporation [25,26].
4. Conclusion
This study shows that the use of fractional laser microablation with the Er:YAG laser allowed efficient target delivery of CaCO3 microcontainers loaded with Fe3O4 into dermis. At the pulse energy 3 J and three successive pulses, the lattice of microscopic channels was created in the tissue that promoted particle penetration up to 400 μm deep into the dermis. It is twice deeper than has been achieved in our earlier works (200-230 µm) at one pulse with the same value of energy. The minimal additional injury of the skin gives a good opportunity to use this technology to create a depot for encapsulated drugs that exists inside the tissue for longer time. After seven days we observed microcontainer dissolution and the release of Fe3O4 nanoparticles into the dermis. The reported results can be used for further development of methods for controlled drug release and particle delivery in any soft and hard tissue.
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